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The seven-transmembrane protocadherin, Flamingo, functions in a number of processes during Drosophila development, including planar
cell polarity (PCP). To assess the role(s) of Flamingo1/Celsr1 (Fmi1) during vertebrate embryogenesis we have exploited the zebrafish
system, identifying two Fmi1 orthologues (zFmi1a and zFmi1b) and employing morpholinos to induce mis-splicing of zebrafish fmi1
mRNAs, to both imitate mutations identified in Drosophila flamingo and generate novel aberrant Flamingo proteins. We demonstrate that in
the zebrafish gastrula, Fmi1 proteins function in concert with each other and with the vertebrate PCP proteins, Wnt11 and Strabismus, to
mediate convergence and extension during gastrulation, without altering early dorso-ventral patterning. We show that zebrafish Fmi1a
promotes extension of the entire antero-posterior axis of the zebrafish gastrula including prechordal plate and ventral diencephalic precursors.
However, while we show that control over axial extension is autonomous, we find that Fmi1a is not required within lateral cells undergoing
dorsal convergence.
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NeurulationIntroduction
Vertebrate gastrulation involves the coordinated activity
of distinct cellular communities within the developing
embryo to orchestrate the formation of the body plan and
sculpt it along the anterior–posterior axis. In a process
known as convergence and extension, the body axis is
narrowed and concomitantly elongated. Convergence and
extension demands coordinated cell movement, and this
behavior has been most studied in the amphibian embryo
where mass accumulation (convergence) of mesendodermal
and ectodermal cells at the dorsal side of the embryo is
known to coincide with extension of these cell populations0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.026
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E-mail address: ivor.mason@kcl.ac.uk (I. Mason).along the antero-posterior (A-P) axis: Fconvergent exten-
sion_ (Keller, 2002; Keller et al., 1985). Directed cell
rearrangement underlies convergent extension movements
involving medio-lateral cell intercalation within a field of
cells. The forces required to generate these movements are
known to be intrinsic to the motile cells themselves
(reviewed by Wallingford et al., 2002).
In the zebrafish, distinct domains of cellular movement
shape the embryonic axis (reviewed by Myers et al., 2002)
and movements in each domain are believed to function
independently of each other (Bakkers et al., 2003; Glick-
man et al., 2003). In the dorsal domain, extension is rapid
with low levels of convergence. Directed anterior migra-
tion of prechordal mesoderm cells may also contribute to
extension within this domain (Yamashita et al., 2002).
More laterally, rates of convergence increase as cells move
towards the midline. Lateral mesodermal cells appear to82 (2005) 320 – 335
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cells move dorsally resulting in an increase in their net
dorsal velocity. Simultaneously, their rate of extension
becomes progressively faster. These observations suggest
the presence of a graded attractive signal emanating from
within the dorsal domain. Ventrally, there is an area devoid
of convergence and extension wherein, following internal-
ization and spreading, cells migrate posteriorly along the
A-P axis.
At a molecular level, data from both Xenopus (Tada and
Smith, 2000) and zebrafish (Heisenberg et al., 2000) have
implicated a morphogenetic pathway, originally identified in
Drosophila as regulating epithelial polarity (planar cell
polarity (PCP); reviewed by Adler, 2002), in the control of
convergence and extension. PCP pathway components both
influence medio-lateral elongation of cells leading to
convergent extension movements (Djiane et al., 2000; Goto
and Keller, 2002; Jessen et al., 2002; Medina et al., 2000;
Wallingford et al., 2000) and control orientation of cell
division during gastrulation (Gong et al., 2004). PCP in fruit
flies requires the localized cellular distribution of a number
of core proteins (reviewed by Eaton, 2003) including
Frizzled, Prickle/Spiny Legs, and Van Gogh (Strabismus),
and numerous studies have implicated their vertebrate
counterparts in the coordination of convergence and
extension (Carreira-Barbosa et al., 2003; Djiane et al.,
2000; Heisenberg et al., 2000; Jessen et al., 2002; Marlow et
al., 2002; Medina et al., 2000; Rauch et al., 1997; Takeuchi
et al., 2003; Topczewski et al., 2001; Veeman et al., 2003;
Wallingford and Harland, 2001).
Another core Drosophila PCP protein is the seven-pass
transmembrane protocadherin, Flamingo (Fmi, Starry
Night; Chae et al., 1999; Usui et al., 1999), which, due
to its unique structure, has the potential to integrate
intercellular recognition with intracellular signaling. A
murine fmi-related gene, Celsr1/flamingo1, has recently
been implicated in the initiation of neural tube closure
(Crash/Spin cycle mouse mutants; Curtin et al., 2003), a
function that may be conserved between mammals and
birds (Formstone and Mason, 2005). Crash/Spin cycle
mice exhibit craniorrhachischisis, a severe form of neural
tube defect. In Crash/Spin cycle, the neural folds are open
from the midbrain posteriorly as a consequence of an
abnormally broad dorsal midline, suggesting that defective
convergence and extension underlies the neural tube defect.
Data demonstrating that Fmi proteins directly influence
convergence and extension, however, have yet to be
presented.
In this study, we identify two flamingo-related genes in
zebrafish, zfmi1a and zfmi1b, determine their expression in
the gastrula stage embryo and employ morpholino-induced
interference of pre-mRNA splicing to generate a variety of
aberrant zebrafish Fmi proteins including two that mirror
PCP mutations in Drosophila Fmi. Our results reveal that
zFmi1a and zFmi1b regulate convergence and extension
within the zebrafish gastrula, without altering early dorso-ventral (D-V) patterning, and function with other compo-
nents of the PCP pathway in this process. Moreover, we
demonstrate that zFmi1a acts autonomously to direct the
extension of distinct cellular communities along the A-P
axis but is not required within lateral cells to mediate dorsal
convergence.Materials and methods
Zebrafish strains
Studies were undertaken using the King’s wild-type
strain (kwt). The slb U148 null allele was used for the
analysis of the slb phenotype.
Isolation of zebrafish fmi genes
Fmi-related genes cloned by degenerate RT-PCR on
cDNA generated (First strand cDNA synthesis kit,
Amersham Biotech) from RNA isolated from shield and
24 h embryos (Trizol; Gibco BRL). Degenerate primers
were designed against amino acid sequences conserved
between murine Celsr/Fmi proteins (Formstone and Little,
2001; Hadjantonakis et al., 1998) and chick-Fmi1 (Form-
stone and Mason, 2005); CVFWNHS-G-protein proteoly-
tic site (GPS) domain and PDFCWLS-second extracellular
loop of the seven-transmembrane domain, respectively (Fig.
2A). Primer sequences were sense: 5V-RTNTGYGTNTTYT-
GGAA-YCAY-3V, antisense: 5VNGANARCCARCTRAAQ
RTCNGGRTT-3V. RT-PCR reaction products (600 bp) were
separated on a 1% agarose gel, excised, and gel extracted
(QiexII, Qiagen). Isolated DNA fragments were subcloned
into the TOPO TA cloning vector (Invitrogen) and
sequenced. Longer cDNA clones were identified by screen-
ing an embryonic zebrafish cDNA library (RZPD, Ger-
many). Primers for amplification across genomic DNA
encompassing the GPS domain were zfmi1a forward primer
5V-ATCCAAAGGATGTGACATCA-3V, reverse primer 5V-
GACCAGCTCGGAGAAG-AACAA-3V, zfmi1b forward
primer 5V-TTGTAAAGGCTGTGAGTTGG-3V, AND
reverse primer 5V-GATGAACTCTGAGAGG-AAGAT-3V.
Phylogenetic analyses of fmi/Celsr sequences were under-
taken with the CLUSTALW and Puzzle algorithms (http://
www.bioweb.pasteur.fr/intro-uk.html; Strimmer and von
Haeseler, 1996) and trees were prepared with the TreeView
shareware program (http://www.taxonomy.zoology.gla.
ac.uk/rod/treeview.html).
In situ hybridization
In situ hybridization was performed as described pre-
viously (Formstone and Little, 2001) omitting proteinase K
treatment and subsequent fixation. The riboprobe generated
for zfmi1a corresponded to nucleotides 1971–2836 of
(accession number AY960152) and for zfmi1b to nucleotides
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were mounted in 70% glycerol and photographed using an
Axioskop (Zeiss) and AnalySIS software.
RT-PCR analyses
Primers for temporal analysis of zfmi1a and zfmi1b
expression were as for amplification of genomic DNA.
Control was ZF ef1a (GenBank accession number X77689),
5V-GGCCACGTCGACTCCGGAAAGTCC-3V and 5V-
TCAAAACGAG-CCTGGCTGTAAGG-3V. Primers for
PCR of splicing defects were zfmi1a GPS P1: 5V-AAC-
CACTCCATCACTGTTGGT-3V, P2: 5V-GTTGATGTTTCG-
GACTTCGGT-G-3V, P3: 5V-TGTGTGTTTTGGAACCAC-
TCC-3V and zfmi1b GPS P1: 5V-TTGTAA-AGGCTGT-
GAGTTGG-3V, P2: 5V-GATGAACTCT-GAGAGGAAGAT-
3V, P3: 5V-TGTGTTTTTTGGAATCACTCC-3V. zfmi1a
LAG2 P1: 5V-ACAATGGCACTACC-GAAG-3V, P2: 5V-
ACGCACTTCTGCGAGTGT-3V, P3: 5V-GTCATTCACT-
CGGAC-ATC-3V.
Morpholinos
Morpholinos were obtained from Gene Tools, LLC, and
injected into 1–2 cell embryos. Sequences were zfmi1a
GPS1: GCTGTTTTGTACCTCTCTTTTGGAG; zfmi1a
GPS2: AAATATGGCTGTTTTGTACCTCTCT, zfmi1b
GPS1: TAGCTCATTTAAGTCTCACCTCTCG; zfmi1b
GPS2: TTTAAGTCTCACCTCTCGTTTGGAG, zfmi1a
LamG2: ATTGTTTCACTCACCAGAAGGTTGA.
Sequence complementary to invariant dinucleotide is
underlined. Strabismus morpholino (Park and Moon, 2002).
Wnt11 morpholino was a kind gift from Dr. Masa Tada,
UCL, UK.
Transplantation experiments
Donor embryos were injected with 0.5% rhodamine-
dextran (MW 10,000, Molecular Probes) and 6 Ag/ml of
CoMo morpholino or 0.5% fluorescein-dextran (MW
10,000, Molecular Probes) and 6 Ag/ml of F1a-GPS
morpholino into the yolk at the one-cell stage. They were
grown until late blastula stage when 10–20 cells from two
embryos, one of each type, were sequentially aspirated into
a micropipette (either first rhodamine then fluorescein or
vice versa for equal numbers of embryos). Groups of
donor cells were transplanted into the embryonic shield or
lateral blastoderm margin of wild-type host embryos at
shield stage. The locations of the labeled donor cells were
monitored by observation through a Zeiss Axioskop.
Embryos were fixed overnight at 4-C at bud/early somite
stages and submitted to in situ hybridization followed by
staining for alkaline phosphatase (NBT/BCIP), PBS
washes and heat treatment (65-C, 30 min) in 20 mM
EDTA, PBS buffer, and/or immunostaining to permanently
stain donor cells. The latter procedure required that fixedembryos were washed in PBS (Gibco BRL) followed by 1
h at room temperature in blocking solution (12% Bovine
Serum Albumin, 0.8% Triton X-100, PBS). Embryos were
subsequently transferred into a 1:1000 dilution of an anti-
rhodamine mouse monoclonal antibody (Abcam) in block-
ing solution and incubated overnight at 4-C. Embryos
were washed during the day in several changes of PBS,
0.8% Triton X-100 followed by overnight incubation in
1:2000 anti-mouse-Ig horseradish peroxidase conjugate
(Amersham) and 1:5000 anti-fluorescein-alkaline phospha-
tase conjugate (Roche) secondary antibodies. Embryos
were washed during 1 day and overnight in PBS with
frequent changes. They were then transferred into PBS,
0.8% Triton X-100, and donor cells (CoMo/fluorescein)
briefly stained for alkaline phosphatase activity using
either NBT/BCIP (Roche) or Fast Red (Vector Labs).
After overnight washes in PBS 0.8% Triton X-100, donor
cells (F1a-GPS/rhodamine) were stained with DAB (Vec-
torLabs) until brown color developed. Embryos were
mounted in 70% glycerol and photographed as for
whole-mount in situ hybridization.Results
Identification of two zebrafish Flamingo1 genes: zfmi1a and
zfmi1b
To assess Flamingo function in vertebrate development
we sought to exploit the zebrafish as a model organism. RT-
PCR and subsequent cDNA library screens identified a
number of zebrafish flamingo (zfmi) genes. Phylogenetic
analysis showed that two of these were orthologues of
human, mouse and chick fmi1/Celsr1 (Fig. 1A; Formstone
and Mason, 2005; Hadjantonakis et al., 1998; Wu and
Maniatis, 2000). They were likely generated by the genome
duplication that occurred during evolution of the teleost
radiation (Taylor et al., 2001). These were designated
zfmi1a (accession number AY960152) and zfmi1b (acces-
sion number AY960153). Genomic sequence for both genes
is available on ZFIN (Sprague et al., 2001); zfmi1a:
GENSCAN 00000005029 and zfmi1b: GENSCAN
000000033742. One other zebrafish flamingo gene was
identified and designated as an orthologue of Celsr2.
zfmi1 genes are expressed maternally and have distinct
patterns of expression within the developing zebrafish
embryo
The RT-PCR expression profiles of zfmi1a and zfmi1b
prior to gastrulation demonstrated that both genes are
expressed maternally (Figs. 1B and O). As development
proceeded, zygotic zfmi1a expression became increasingly
localized prior to gastrulation (Figs. 1C and D) with
expression becoming restricted to the shield and the germ
ring lateral to it by 50% epiboly (Fig. 1E). Beginning at
Fig. 1. Phylogenetic relationship and embryonic expression of zFmi1 genes. (A) Phylogenetic relationship of zFmi1a and zFmi1b to other flamingo proteins.
Estimated evolutionary distance is proportional to line length and numbers indicate confidence. These indicate that both zFmi1a genes are orthologues of the
ancestral Fmi1/Celsr1 gene. Sources of predicted protein sequences: zFmi1a and zFmi1b, this study; chick Fmi1/Celsr1 and Fmi3/Celsr3 Formstone and
Mason, 2005; murine Celsr1, 2 and 3, GenBank accession numbers NM009886, AF031573, AF427498. (B–S) Temporal and spatial expression of zfmi1a and
zfmi1b. (B and O) RT-PCR analysis of zfmi1a and zfmi1b expression, respectively (top panel). MW is indicated. Control is EF1a lower panel). (C–N) Wild-
type embryos hybridized for zfmi1a at 30% epiboly (C), 40% epiboly (D), shield (E), 65% epiboly (F), 75% epiboly (G, H), 95% epiboly (I and J), 3 somites (K
and L), and 6 somites (M and N). Lateral and dorsal views are as indicated on each plate; dorsal is to right and anterior to top, respectively. (H, L and N) Dorsal
views of flat-mounted embryos; anterior is to the top. (E) Arrow indicates expression of zfmi1a in shield. Arrowhead indicates expression of zfmi1a in lateral
germ ring. Inset, lateral view; arrow indicates expression of zfmi1a in shield. (H) Small black arrow indicates enriched zfmi1a expression in axial tissue, larger
arrow indicates an isolated lateral cell expressing zfmi1a. Arrowhead indicates expression of zfmi1a in head. (J) Inset, dorsal view of animal pole; arrow
indicates loss of zfmi1a expression medially. (L) Arrowhead indicates loss of zfmi1a expression within anterior axial tissue, white arrow indicates expression in
eye field and black arrow indicates expression within lateral trunk. (P–S) Expression of zfmi1b at sphere (P), shield (Q), 95% epiboly (R), and 16 somite
stages. Abbreviations: E, epiboly; s, number of somites.
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elongated along the anterior–posterior (A-P) axis (Figs.
1F and G), eventually becoming restricted to axial cells(Figs. 1H–L and N). Expression was largely absent more
laterally by 95% epiboly except for a few, isolated cells (Fig.
1H) although by 3 somites, paraxial domains exhibited low
C.J. Formstone, I. Mason / Developmental Biology 282 (2005) 320–335324levels of zfmi1a expression (Fig. 1L). Axial expression of
zfmi1a from shield to tailbud stages is reminiscent of fmi1/
Celsr1 during murine gastrulation (Formstone and Little,
2001; Hadjantonakis et al., 1998). From 75% epiboly
onwards, zfmi1a became extensively expressed within the
developing head (Figs. 1H and J). Subsequently, zfmi1a
expression was lost progressively from the axial midline
(Fig. 1L), although zfmi1a transcripts persisted in surround-
ing tissue particularly at the rostral edge of the head until
around 6s (Figs. 1M and N). Laterally, zfmi1a transcripts
marked the eye field (white arrow; Figs. 1L and N).
By contrast, zfmi1b was ubiquitously expressed during
early zebrafish development with transcripts becoming
restricted to anterior regions at later stages (Figs. 1P–S).
A slight enrichment of axial zfmi1b transcripts was observed
towards the end of gastrulation (data not shown).
Generation of mutant Flamingo proteins by
morpholino-induced mis-splicing
To address the early embryonic role of Fmi1 proteins in
the zebrafish, we blocked splicing of zfmi1 pre-mRNA
using antisense morpholino oligonucleotides. Although
splice-site-directed morpholinos are ineffective against
maternal transcripts, so the potential earliest functions of
zFmi1a and 1b could not be studied, they are active from
sphere stages making them useful tools to study develop-
ment from the onset of gastrulation (Draper et al., 2001).
Moreover, morpholinos that inhibit splicing offer some
advantages over those directed against translation initiation
sites particularly when dealing with large, complex proteins
such as Flamingo. Translation initiation from downstream,
in-frame cryptic start sites is a particular problem when
using the latter approach on transcripts encoding long
proteins. In addition, RT-PCR analyses can rapidly assess
and quantify the effectiveness of splicing inhibition. More-
over, such approaches can offer insights into protein domain
function, particularly when in-frame deletions are generated.
In this study, we first targeted the Fmi GPS domain (Fig.
2A) and designed splice site-directed morpholinos within
this domain against both zfmi1a and zfmi1b. The zfmi1a
GPS domain morpholino (F1a-GPS1) generated an exon-
skipping event (Fig. 2B) resulting in a zFmi1a protein with
an incomplete GPS domain. The effect of such a mutation
on the behavior of the protein could not be predicted but
expression of the protein at the cell surface might be altered
(Vildarga et al., 1997). The zfmi1b GPS morpholino (F1b-
GPS1) induced cryptic splice site usage within an adjacent
intron (Fig. 2D) introducing a stop codon 5 amino acids
downstream of the splice junction and generating a
truncated, possibly secreted protein. Titration of both F1a-
GPS1 and F1b-GPS1 morpholinos generally revealed high
levels of mis-splicing at 6 Ag/ml with barely detectable
levels of wild-type transcript. A second set of F1a and
F1bGPS-directed morpholinos (GPS2), which overlapped
with GPS1 by 16/25 nucleotides, gave lower efficiencies ofmis-splicing (data not shown). Following injection into 1–4
cell stage embryos, effects of each GPS1 morpholino on
splicing of their cognate transcripts were apparent from
sphere stage onwards (Figs. 2C and E).
We also used splice morpholinos to imitate mutations
that, in Drosophila fmi, are embryonic lethal and/or mediate
PCP defects (Usui et al., 1999), namely, a nonsense
mutation, Q1838 to stop, that truncates the Fmi protein
and a missense mutation, Val (1849) to Asp. Both mutations
were located close to one another within the second Laminin
G (LamG2) domain of Drosophila fmi. To this end, we
designed a morpholino to alter splicing within the LamG2
domain of zFmi1a (Fig. 2G), specifically targeting the
region harboring the mutations in the Drosophila LamG2
domain (Fig. 2F). These morpholino (F1a-LamG2)-induced
splicing defects resulted in two abnormal zFmi1a isoforms.
Cryptic splice site usage generated a predicted protein with a
deletion of 12 amino acids encompassing the region in
which we were interested and an exon-skipping event,
where the novel juxtaposition of exons B and D produced a
frameshift, truncating the predicted protein 9 amino acids
downstream of the splice junction (Fig. 2G). Together these
mutations mirror both Drosophila LamG2 mutations.
However, titration of LamG2 morpholino revealed signifi-
cant levels of wild-type mRNA even at highest concen-
trations of morpholino injected suggesting reduced
efficiency of mis-splicing (Fig. 2G). Thus, embryos injected
with Fmi1a-LAMG2 might be expected to display less
severe defects than those injected with Fmi1a-GPS in which
residual normal transcripts were undetectable by RT-PCR.
Several control experiments were performed in parallel
including injection of morpholinos divergent from the
experimental set by four G to A non-clustered, single
nucleotide changes (control morpholinos; CoMo), one of
which was always the invariant guanine residue of the donor
splice site. We also tested for cross-reactivity of each GPS1
morpholino against the other zfmi1 gene and found that
zfmi1b GPS domain splicing was unaffected in zfmi1a-
morphants and vice versa (data not shown).
Shortened anterior–posterior axis in zFmi1a-GPS
morphant embryos
At the end of gastrulation, embryos injected with either
Fmi1a-LamG2 or Fmi1b-GPS morpholinos appeared mor-
phologically similar to wild-type embryos. By contrast,
F1a-GPS1 morphants displayed a shorter anterior–posterior
axis together with extensive expansion of the medio-lateral
axis suggestive of impaired gastrulation. As expected,
Fmi1a-GPS2 morphants produced significantly fewer
affected embryos (8/40) than Fmi1a-GPS1 morphants (47/
55), consistent with their reduced efficacy in splicing
inhibition.
Analyses of F1a-GPS1-injected embryos with the ante-
rior neural plate marker six3 (n = 20/25) and the pan-neural
marker sox3 (n = 27/30) revealed a slight mis-positioning of
Fig. 2. Generation of splicing defects in the GPS and LamG2 domains of Flamingo proteins. (A) Schematic representation of the Flamingo1 protein and
morpholino-induced mis-splicing of the GPS domain. The GPS domain (pale green box) is encoded by three exons: A, B, and C. Position of morpholinos (MO)
designed against targeted donor splice sites are indicated. Two sets of PCR using primer combinations P1/P2 and P3/P2 (blue arrows in cartoon) were used to
assess mis-splicing. Abbreviations: Cys/EGF/LAG, cysteine-rich, EGF, and LamG2 domains; mucin is the serine/threonine-rich region; 7TM, seven-pass
transmembrane domain; intra, intracellular domain. (B and C) Analysis of defective splicing in F1a-GPS1 morphants. (B) RT-PCR with primers P3 and P2
(blue arrows). Amplification of a smaller RT-PCR fragment (200 bp) than from controls (320 bp) was observed. CoMo is F1a-GPS1 morpholino but with four
non-clustered, single nucleotide changes. Molecular weight markers (bp) are indicated to the left. Due to exon skipping, primers P1/P2 failed to amplify a band.
Schematic representation of exon skipping induced by F1a-GPS is shown to the right. (C) Timing of onset of zFmi1a GPS domain splicing defect during
embryogenesis. E is epiboly. (D and E) Analysis of defective splicing generated by injection of F1b-GPS1 morphants. (D) RT-PCR with primers P1, P2 is
shown (blue arrows), primers P3/P2 amplified similar pattern of bands. RT-PCR of F1b-GPS1 morphant embryos amplified a larger band (310 bp) than controls
(280 bp) due to use of a cryptic splice site that incorporated an extra 40 bp of intronic sequence into zFmi1b mRNA (indicated by green box). CoMo is F1b-
GPS1 morpholino but with four nucleotide changes. Molecular weight markers (bp) are indicated to left of each gel. Schematic representation is shown to the
right. (E) Timing of onset of the zFmi1b GPS domain splicing defect during embryogenesis, E is epiboly. (F and G) Imitation of Drosophila Flamingo PCP
mutations using morpholino-induced mis-splicing. (F) Comparison of amino acid sequence from LamG2 in Drosophila melanogaster Flamingo and zFmi1a.
Genomic sequence for zFmi1a was derived from ZFIN. Conserved amino acids are highlighted in red. Position of Drosophila mutation, Q1838 to stop, is
marked by a pale blue star and mutation, V1849 to D, is marked by a dark blue star. 12 amino acid deletion induced by LamG2 morpholino is underlined. (G)
Analysis of defective splicing generated by injection of F1a-LamG2 morpholino into zebrafish embryos. RT-PCR analysis utilized primers P3 and P2 (blue
arrows), primers P1, P3 amplified a similar pattern of bands. Molecular weight markers (bp) are indicated to left of gel. Schematic representation of defective
splicing within zFmi1a LamG2 domains induced by injection of LamG2 morpholino is shown to the right. The LAG1/EGF3/LAG2 domain, part of the pale
orange box in (A), is encoded by four exons, A encodes C-terminal of LamG1, B encodes EGF3, C plus D encode N-terminal part of LamG2. Two mis-spliced
products were resolved on the gel: (1) indicates the largest and most predominant of these resulting from use of a cryptic splice site within exon C, 36 bp
upstream of the original acceptor site that deleted 12 amino acids from the LamG2 domain; (2) indicates smaller and less abundant product resulting from exon-
skipping event that truncates the protein within the LamG2 domain.
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3A–D, I–L). The presomitic mesoderm marker papc (n =
20/25), dorsal midline marker, floating head (flh; n = 17/25)
and myoD (n = 21/30), a marker for adaxial cells that form
just lateral to the chordamesoderm in these embryos
highlighted the shorter trunk and revealed an expansion of
its mediolateral extent (Figs. 3A–G), including a slight
lateral expansion of axial tissue (compare insets Figs. 3E
and G). Taken together, these data were indicative of
convergence and extension defects.
Delayed convergence and extension can result from
either impaired gastrulation movements or defects in earlydorso-ventral (D-V) patterning (Harland and Gerhart, 1997).
The pattern of sox3 expression within the neuroepithelium
of F1a-GPS1 morphants provided evidence for the former
(Figs. 3I–L; n = 27/30). The anterior axial mesendoderm or
prechordal plate is known to be an important regulator of
eye patterning (Adelmann, 1930) acting in combination with
anteriorly migrating ventral diencephalic precursors to
physically separate the retinal field (Li et al., 1997; Varga
et al., 1999). At the end of gastrulation, the single retinal
field (Fig. 3M) expresses sox3 whereas diencephalic
precursor cells located posterior to this domain are sox3-
negative (Fig. 3K; schematized in Fig. 3M). The retinal field
Fig. 3. F1a-GPS1 morphant embryos display defects in convergence and extension at the end of gastrulation. Whole-mount in situ hybridization of tailbud to 1-
somite stage embryos (A–L) and 75% epiboly (N and O) following injection with F1a-GPS1 or F1a-GPS1 morpholino with four nucleotide changes (CoMo).
Gene probes are as indicated on the plates. (A, B, I and J) Lateral view; dorsal is to right. (C–H, K and L) Dorsal view; anterior is to top. (N and O) Lateral
view, animal pole is up and dorsal is to the right. (A–D) Red arrowheads mark the anterior limit of papc expression highlighting the shortened trunk; black and
white arrows indicate lateral extent of papc and six3 expression, respectively. papc; paraxial protocadherin. (E–H) Insets are magnified views to show flh
domain width. flh; floating head. (J) Black arrow indicates absence of sox3 expression within part of the developing head, red arrow indicates reduced ventral
sox3 expression. (K) An asterisk indicates sox-3-negative domain and the arrow indicates a sox3-negative area intruding into the sox3-positive retinal field. (M)
Schematic representation of marker gene expression within the anterior neural plate based upon data from Varga et al. (1999). The retinal domain (mauve)
expresses odd-paired-like (opl) and sox3, ventral diencephalon (green) expresses mar (forkhead 3; Moens et al., 1996; Odenthal and Nusslein-Volhard, 1998)
and is sox3-negative. Surrounding domains (pink) express otx2 (N and O); chd, chordin.
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(Fig. 3M), into which the sox3-negative domain protrudes
(Figs. 3K and M), which is the result of the anterior
movement of ventral diencephalic precursors from 80%
epiboly onwards. F1a-GPS1 morphants lack this medial
protrusion (Fig. 3L) suggesting a defect in rostral movement
of diencephalic precursors. Analysis of the A-P extent of
sox3 expression within F1a-GPS1 morphants revealed loss
of sox3 transcripts both around the head/trunk interface and
ventrally within the embryo (Fig. 3J). These defects may
reflect cell fate changes that are secondary to impairment of
convergence and extension.
We then investigated whether reduced convergence and
extension in embryos injected with F1a-GPS1 was due to
early D-V cell fate or patterning defects. However, we failed
to detect any obvious changes in expression of the dorsally
expressed gene, chd, at 75% epiboly (n = 40; Figs. 3N and
O) or at tailbud stages (n = 40; data not shown) and the
dorso-ventral pattern of fgf8 expression also appeared
normal at both developmental stages (data not shown).The correct A-P positioning of papc and six3 expression
domains demonstrated that overall anterior–posterior cell
fates within F1a-GPS1 morphants were also normal (Figs.
3A–D). Taken together, these gene expression analyses
suggested that the defects in convergence and extension
displayed by F1a-GPS morphants result from impaired
gastrulation movements and not from changes in early D-V
patterning.
zFmi1a influences rostral extension of axial mesendoderm
and co-operates with silberblick/wnt11 in this process and
in convergence of the neural plate
Since F1a-GPS1-injected embryos exhibited abnormal
head position and absence of axial diencephalic tissue
extending into the retinal field, we further investigated
possible defects in elongation of anterior axial mesendo-
dermal tissue.
At the onset of gastrulation, cells ingressing through the
germ ring comprise the mesendodermal hypoblast. Axially,
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anteriorly from the shield towards the animal pole. The most
anterior part forms the polster that later gives rise to the
hatching gland (Kimmel et al., 1990). To assess the A-P
position of the hypoblast in F1a-GPS1 morphants at the end
of gastrulation, we used the posterior prechordal plate
marker, hlx-1, the expression of which mirrors elongation of
posterior prechordal plate from a circular domain at 9hpf to
a longitudinal stripe at 10hpf (Fjose et al., 1994). At tailbud
stage, F1a-GPS1 morphants (Fig. 4B) exhibited an hlx-1
domain with a reduced A-P extent compared to controls (n =
22/40; Fig. 4A), suggesting that elongation of the posterior
prechordal plate was disrupted.
The anterior prechordal plate is thought to promote optic
stalk development (Masai et al., 2000) and separation of the
optic stalks is dependent upon proper migration of axial
mesendoderm. Therefore, we also used the position of optic
stalk cells, which express pax2.1, overlying the anteriorFig. 4. zFmi1a functions in prechordal plate migration in concert with Slb/Wnt11
markers are as indicated on the plates, (A, B, G–O) bud stage, (C–E) 10-somite s
(C–E) Dorsal views, anterior is to top. (C) pax2.1 in optic stalk is marked by
morpholino to generate 50% wild-type and 50% mis-spliced pre-mRNA at 3 A
Molecular weight markers (bp) are indicated. (G–O) Embryos were derived from c
3 Ag/ml (G–J) or F1a-GPS at 3 Ag/ml (K–O). (G, I, K–M) Lateral views, dorsal
indicates loss of dlx-3 expression in dorso-lateral neural plate and black arrow ind
neural plate. (P–R) Wild-type embryos injected with morpholinos as indicated. Do
within optic stalk, (Q) F1a-GPS1 at 3 Ag/ml. (R) Double morphants, F1a-GPS1 (prechordal plate to assess prechordal plate elongation.
Analysis of embryos injected with F1a-GPS1 at the 10-
somite stage revealed that the two normally well-separated
domains of pax2.1 expression were closer together or had
remained fused (n = 26/40; Figs. 4C–E). These data
supported our hypothesis that zfmi-1a influences extension
of the prechordal mesendoderm.
Silberblick (slb)/wnt11 embryos exhibit delayed anterior
migration of the axial hypoblast (Heisenberg et al., 2000).
Since wnt11 acts within the vertebrate PCP pathway, we
examined the possibility that disrupting zFmi1a activity
might potentiate the slb phenotype. To this end, slb
heterozygotes were crossed and the resultant embryos
injected with either F1a-GPS1, at a concentration known
to generate only 50% or less defectively spliced zfmi-1a
mRNA (Fig. 4F) and to produce no morphological defects,
or with the same concentration of the appropriate control
morpholino for F1a-GPS1. Embryos were then analyzedand in convergence of the neural plate. Whole-mount in situ hybridization
tage, (P–R) and 12-somite stage. (A and B) Lateral views, dorsal is to right.
an arrow. K is krox20 expression in panel E. (F) Titration of F1a-GPS1
g/ml. CoMo is F1a-GPS1 morpholino but with four nucleotide changes.
rossing of Slb heterozygotes and injected with either CoMo (same as in F) at
is to right. (H, J, N and O) Dorsal views, anterior is to top. (M) Arrowhead
icates broader and more intense expression of dlx3 within the ventro-lateral
rsal view of head, anterior is to top. (P) Arrow indicates pax2.1 expression
3 Ag/ml) plus Wnt11 morpholino.
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of lateral neural plate. Analysis of control morpholino-
injected embryos revealed an appropriate ratio of morpho-
logically normal embryos (mix of wild-type embryos plus
slb/+ heterozygotes; n = 24/30; Figs. 4G and H) to slb
homozygotes (n = 6/30; Figs. 4I and J). Examination of hlx-
1 expression highlighted the expected more caudal local-
ization and wider but shorter hlx-1-positive domain in slb
homozygotes (data not shown). In F1a-GPS1-injected
embryos, the ratio of morphologically normal to defective
embryos was altered: many more embryos displayed an hlx-
1 domain with greater width but reduced length (n = 22/30;
Figs. 4K, L, and N), moreover 8/30 embryos exhibited a
more severe phenotype than found in Slb homozygotes
(Figs. 4M and O). In these latter embryos, there was a
circular patch of hlx-1-expressing tissue suggesting that
hypoblast extension had halted. The proportion of embryos
expressing this more severe phenotype is consistent with
these being Slb/Slb embryos receiving Fmi1a-GPS. It is also
noteworthy that disturbances in the D-V position of the hlx-
1 domain were observed in both slb and slb/zFmi1a
morphants (Figs. 4I, K–M). In more severe cases, only a
fragment of the hlx-1 domain remained against the yolk
surface (compare Fig. 4G with 4M and data not shown).
To further confirm the interaction of slb/wnt11 and
zFmi1a, we analyzed embryos injected with wnt11 and F1a-
GPS1morpholinos for fusion of the optic stalk (n = 25/30;
Figs. 4P–R). These results confirmed the influence of
zFmi1a on the proper anterior migration of the axial
hypoblast, in addition to demonstrating a combinatorial
requirement for slb/wnt11 and zfmi1a in that process.
We also investigated the potential interaction between slb/
wnt11 and zFmi1a during convergencewithin the neural plate
using dlx3 expression to define the lateral margin of thatFig. 5. Continued requirement for zFmi1a during early segmentation stages: failu
stage, and (K and L) 10-somite stage. In lateral views, dorsal is to the right and in d
D) Convergence of paraxial and lateral mesoderm and neural plate is delayed in
indicates correct width of axial domain. (E–H) Convergence of the axial domain f
GPS1 morpholino but with four nucleotide changes). (E and F) Optical sections, do
expression. (L) Arrow indicates loss of myoD expression within lateral somites.
myoD, embryo has been overstained to detect weak expression. Morphants displa
absence of myoD in anterior somites. (M–P) Defective convergence of neuroepith
optical sections; dorsal is to top, hashed lines mark the boundary between neuraltissue. The wider arc of dlx3 expression at the lateral edge of
the neural plate in F1a-GPS-injected embryos when com-
pared to control morpholino-injected embryos indicated that
zfmi1a also co-operates with wnt11 in the process of dorsal
convergence of the neuroepithelium (Figs. 4K–O). Interest-
ingly, in the most severely affected embryos, the dorso-lateral
domain of dlx3 expression was greatly reduced or absent
whereas the ventro-lateral domain of dlx3 expression was
broader and more intensely stained (Fig. 4M).
Delayed convergence and extension in F1a-GPS1
morphants during early segmentation stages
Since effects of convergence and extension movements
continue to sculpt the embryo during early somite stages, we
further analyzed F1a-GPS1 morphants during that period
(Fig. 5). Expression of markers for presomitic mesoderm
(papc) and presumptive pronephric ducts (pax2.1; n = 60/
80) and for mid-hindbrain and rhombomeric territories
(pax2.1 and krox20) within the neural plate (n = 32/40)
revealed that delayed convergence persisted within embryos
injected with F1a-GPS1 (Figs. 5A–D). However, by 3-
somites the mediolateral extent of the dorsal mesoderm was
identical to controls, as assessed by expression of shh
(notochord; Figs. 5E and F) and myoD (adaxial cells; Figs.
5G and H; n = 40). From 3-somites onwards, embryos
injected with F1a-GPS1 progressively took on a distinctive
oval shape compared to the rounded morphology of controls
(n = 50/65; Figs. 5I and J) highlighting the impaired
extension of the A-P axis. Loss of expression of pax2.1
within the posterior intermediate medoserm (prospective
pronephric tissue) was noted (n = 40/65; Fig. 5J), and
unexpectedly zFmi1a-GPS morphants displayed either
reduced (n = 12/50; Figs. 5K and L) or complete lossre to elevate the neural keel. (A–H) 3-somite stage, (I, J, M–P) 7-somite
orsal views, anterior is up. Marker genes are as indicated on the plates. (A–
F1a-GPS1 morphants. Abbreviations: px; pax2.1, k; krox20. (B) Arrow
rom F1a-GPS1 morphants subsequently becomes identical to controls (F1a-
rsal is up; shh, sonic hedgehog. (J) Arrow indicates loss of posterior pax2.1
Representative embryo displaying both reduced and absent expression of
ying greatest impairment of convergence and extension exhibited complete
elium disrupts morphogenesis of notochord; shh, sonic hedgehog. (O and P)
keel/plate and somitic domain.
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suggesting that zFmi1a also affects, directly or indirectly,
cell fate or allocation within these mesodermal tissues.
Analysis of shh expression (Figs. 5M–P) revealed a
dorsal expansion of the notochord (n = 17/20) reminiscent
of normal shh expression and notochord morphology in
younger, pre-keel stage embryos. In control embryos,
neuronal cells moving medially had formed a thickened
neural keel (Fig. 5O) directly overlying the shh-positive
axial mesendoderm, which had taken on a flatter morphol-
ogy. By contrast, in F1a-GPS1-injected embryos, the neural
plate was flattened and laterally expanded (tissue above
dashed line in Fig. 5P).
zFmi1a acts cell autonomously in extension of the
anterior–posterior axis.
The above studies suggested that zFmi1a functions in
convergence and extension during zebrafish gastrulation. To
further examine this, we transplanted differentially labeled
blastomeres obtained from F1a-GPS1-injected and control-
injected embryos deep into the shield or into the germ ring
of the same wild-type host embryos (Fig. 6A) and compared
their behavior. Following transplantation, different types of
donor cell behavior were observed (Figs. 6B and E).
Generally it was found that donor cells from F1a-GPS1-
injected embryos did not exhibit the normal pattern of
dispersal along the A-P axis irrespective of site of trans-Fig. 6. zfmi1a acts cell-autonomously in axis extension but is not required for dorsa
Donor F1a-GPS1 and CoMo (F1a-GPS1 morpholino but with four nucleotide chan
or into the germ ring of wild-type shield stage hosts. Only those embryos in w
considered for analysis, n = 37/60. (B and E) Schematics of the four different typ
Red dots: the A-P extension of F1a-GPS1/rhodamine-injected cells; green dots: C
results of transplants into germ ring. (C, D, F–G) Donor cell transplants into deep c
whole-mount in situ hybridization and immunostaining. Gene markers are as indic
and arrows indicate the limit of extension of each donor population type using the
anterior is to the left. During immunostaining procedure, posterior prechordal gsc
same embryo, anterior is to top. gsc expression domain within polster is indicated
somite embryo, lateral view of head. (F) 1-somite embryo, left panel; dorsal view
Dorsal views of 3-somite embryos.plantation when compared to the control donor cells. In a
significant proportion of shield transplants, cells from F1a-
GPS1-injected donor embryos were absent from the polster
(marked by goosecoid expression; n = 6; Fig. 6C) but did
appear within more posterior regions of the prechordal plate
as defined by shh expression (Fig. 6D).
Cells transplanted into the germ ring would be influenced
not only by forces driving A-P extension but also by dorsal
convergence. Although A-P extension of F1a-GPS1 donor
cells remained impaired in these embryos, they converged to
the same D-V position as controls (Figs. 6F–H) revealing
that dorsal convergence was unaffected by zFmi1a inhib-
ition. As a further control, donor cells were transplanted
ventrally into shield stage embryos. Consistent with the
above data, control and F1a-GPS1 cells were found to
migrate together within this domain (n = 4; data not shown).
Together these results indicate that zFmi1a affects the
ability of cells to extend along the A-P axis of the
gastrulating zebrafish embryo in a cell-autonomous manner.
However, dorsal convergence does not appear to be
dependent on zFmi1a activity within cells undergoing this
process.
zFmi1a and zFmi1b co-operate to regulate convergence and
extension during zebrafish embryogenesis
Analysis of embryos injected with F1b-GPS1 revealed
only either a slight expansion of medio-lateral tissues ofl convergence. (A) Schematic representation of transplantation experiments.
ges) cells were transplanted simultaneously into the deep cells of the shield
hich CoMo donor cells had extended extensively within the embryo were
es of donor cell movement observed. Dorsal view of 1–3 somite embryos.
oMo/Fluorescein-injected cells. (B) Results of transplants into shield, (E)
ells of shield (C, D) or germ ring (F–G). Representative embryos following
ated on the plates. Color of donor cell staining is as indicated on the plates
same color coding. (C) Left panel, 3-somite embryo; lateral view of head,
expression has been lost. Right panel, dorsal view showing rostral edge of
by dashed lines. Arrows indicate rostral boundaries of cell movement (D) 1-
, arrow indicates position of midline. Right panel, lateral view (G and H)
Fig. 7. Zebrafish Fmi1a and Fmi1b proteins co-operate to control cell movement. (A–C, I, J) 10-somite embryos. (E, F, H, L–N) 3-somite embryos. In all
dorsal views, anterior is to the top. In all lateral views, dorsal is to the right. Markers are as indicated, px is pax2.1, k is krox20, papc is paraxial protocadherin.
(A–C) F1b-GPS1 morphants exhibit undulation of neuroepithelium and tailbud. (D and K) RT-PCR analysis. Titration of F1b-GPS1 (D) and F1a-LamG2 (K)
morpholino. CoMo is F1b-GPS or F1a-LamG2 morpholino but with four nucleotide changes. Molecular markers (bp) are indicated to left of gel. (D) 3 Ag/ml
F1b-GPS1 morpholino generates approximately 65% wild-type and 35% mis-spliced product. P1/P2 indicates primer pair used in PCR (see Fig. 2A). (K) 5 Ag/
ml F1a-LamG2 morpholino generates approximately 40% wild-type and 60% mis-spliced product. P2/P3 indicates primer pair used in PCR (see Fig. 2G). (E–
I) Double morphant embryos. (E) Injection of 2.4 Ag/ml and 3.5 Ag/ml CoMos for F1a-GPS1 and F1b-GPS1, respectively. (F) Injection of 2.4 Ag/ml F1a-GPS1
and 3.5 Ag/ml F1b-GPS1. (G) F1a-GPS1 (3 Ag/ml) and F1b-GPS1 (3.5 Ag/ml) morphant. (H) F1a-GPS1 (4 Ag/ml) and F1b-GPS1 (4 Ag/ml) morphant. Black
arrowhead: mid-hindbrain pax2 expression; white arrow: papc expression; black arrow: pronephric pax2 expression. (I) F1a-GPS1 (2.4 Ag/ml) and F1b-GPS1
(3.5 Ag/ml) morphant. View of head, arrow indicates pax2.1 expression in optic stalk. (J) 9-somite embryo. (L–M) Double morphant embryo, (L) F1a-GPS1
(2.4 Ag/ml) and F1a-LamG2 (4.5 Ag/ml). (M) F1a-LamG2 (4.5 Ag/ml) and F1b-GPS1 (3.5 Ag/ml).
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shown) or undulations within the neuroepithelium and
tailbud at the 10-somite stage (n = 20/60; Figs. 7A and
B). Convergence and extension were apparently normal
(Fig. 7C). Fewer F1b-GPS2-injected embryos exhibited
these phenotypes (6/40) consistent with the reduced efficacy
of that morpholino.
Since inhibition of zFmi1a influences convergence and
extension during gastrulation, these data prompted the
question of why mis-splicing of the same exon in Fmi1b
had little or no effect on this process. Since both zfmi1a and
zfmi1b are expressed during gastrulation, one possibility is
that both Fmi1 proteins function together during conver-
gence and extension, but that the presence of Fmi1a masks
effects of Fmi1b inhibition.
To test this hypothesis, we injected a combination of
F1a-GPS1 and F1b-GPS1 morpholinos into 1-cell zebra-
fish embryos at concentrations found to generate approx-
imately 50% mis-spliced mRNA for each (Figs. 4F and
7D) and which gave no morphological abnormalities
when injected into embryos individually. Embryos
injected with both F1a-GPS1 and F1b-GPS1 morpholinos
together at these concentrations exhibited expansion of
paraxial and lateral mesoderm and neuroepithelium
together with a reduced A-P axis (n = 80/100; Figs. 7F
and G) indicating that zFmi1a and zFmi1b function in
concert to mediate convergence and extension. To exclude
the possibility that defects in D-V patterning mediate the
observed delay in gastrulation movements, we analyzed the
pattern of chd expression within double GPS1 morphants atbud stage and failed to observe any abnormalities (data not
shown).
Injection of increased concentrations of the combined
GPS1 morpholinos increased the extent and severity of the
observed phenotypes. A proportion of embryos displayed a
cylindrical, ‘‘lozenge’’ shape similar to that exhibited by
dorsalized embryos that result from mutations in compo-
nents of the Bmp signaling pathway (n = 7/30; Fig. 7H;
Mullins et al., 1996). In such embryos, dorsal territories are
expanded and ventrally located pax2.1 expression is lost.
However, the combined GPS1 morpholino-injected
embryos exhibited the expected pattern of expression of
the mid-hindbrain marker pax2.1 and the presomitic
mesoderm marker papc. Notably, pronephric cells that
originate ventrally (Warga and Kimmel, 1990) had failed
to move into the dorsal domain suggesting that dorsal
convergence was delayed in these embryos (Fig. 7H).
Injection of appropriate control morpholinos in combination
and at the same concentrations had no discernable effect on
development (data not shown).
Embryos injected with both morpholinos additionally
exhibited delayed migration of axial mesendoderm (pre-
chordal plate), as assessed by fusion of optic stalk territory
in double morphant embryos (n = 80/100; Fig. 7I).
However, despite the delay in prechordal plate migration,
double morphant embryos did not display cyclopia even
after injection of the highest concentrations of morpholino
(data not shown).
Although embryos injected with a morpholino causing
mis-splicing in the LAMG2-encoding domain, F1a-LamG2,
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ability of levels of F1a-LamG2 morpholino, producing
approximately 50% abnormally spliced mRNA (Fig. 7K), to
impair convergence and extension when injected in combi-
nation with similar low levels of F1b-GPS (Fig. 7D).
Double morphants displayed expansion of the paraxial
mesoderm and neural plate together with a reduced A-P
axis (n = 36/40; Fig. 7M) and exhibited the expected pattern
of chordin expression at 80% epiboly (data not shown),
consistent with defective convergence and extension during
gastrulation. By contrast, controls in which F1a-GPS was
coinjected with F1a-LamG2 morpholinos each at the same
‘‘sub-threshold’’ concentrations resulted in an only slightly
expanded paraxial mesoderm (Fig. 7L). These data indicated
a combinatorial role for Fmi1a and Fmi1b proteins in
orchestrating the convergence and extension of cellular
communities during gastrulation.
Interestingly, loss of myoD expression was observed in
embryos injected with either F1b-GPS1 and F1b-GPS2
alone (n = 20/50, Fig. 7B) suggesting that zFmi1b, like
zFmi1a (Fig. 5L) directly or indirectly regulates cell fate/
allocation within lateral somites. However, embryos injected
with both F1b-GPS and F1a-GPS, together at concentrations
producing approximately 50% abnormally spliced mRNA,
displayed normal myoD expression suggesting that zFmi
proteins function independently of one another in direct or
indirect regulation of somatic myoD expression (Fig. 7J).
Zebrafish flamingos function in concert with strabismus to
mediate convergence and extension movements
Convergence and extension movements of lateral cells in
zebrafish mutated in the PCP component strabismus (stbm;
trilobite mutant line; Jessen et al., 2002) are normal during
the gastrula period but reduced by early segmentation
(Sepich et al., 2000). We investigated the possibility that
zFmi1 proteins interact with Stbm in this process by injecting
a combination of low levels of strabismus (stbm) morpho-
lino and zfmi1 splice morpholinos into embryos. Titration of
stbm morpholino was undertaken in order to determine the
concentration of morpholino at which convergence and
extension movements were normal in injected embryos
when assayed at the 3-somite stage (Fig. 8A). Co-injection ofFig. 8. Zebrafish flamingo1 proteins interact with stbm to control cell movement. (
anterior to the top. (A) 2 Ag/ml stbm morpholino, (B) 2 Ag/ml stbm morpholino
LamG2, (D) 2 Ag/ml stbm morpholino and 3.5 Ag/ml F1b-GPS1.stbm morpholino with F1a-GPS, F1a-LamG2, or F1b-GPS,
each at concentrations that do not affect development when
injected alone, all resulted embryos with a medio-lateral
expansion of paraxial/lateral mesoderm and neural plate (n =
185/200; Figs. 8B–D) revealing that both zFmi1a and
zFmi1b co-operate with Stbm to promote convergence and
extension in the dorsal region of the zebrafish gastrula.
Taken together with the data for Slb/Wnt11, these results
indicate that zebrafish Fmi1 proteins interact either directly
or indirectly with the planar cell polarity pathway in
regulating convergence and extension.Discussion
In Drosophila, Flamingo functions in a number of
developmental processes including the establishment of
PCP. By exploiting the zebrafish system and employing
morpholino interference of pre-mRNA splicing to both
imitate known mutations in Drosophila Flamingo and create
novel aberrant Flamingo proteins, we establish that zFmi1a
and zFmi1b proteins are required during convergence and
extension, that they function within this process in
combination with each other, and that they interact with
other components of the vertebrate PCP pathway.
Differential ability of defective Fmi1a proteins to impair
convergence and extension within the zebrafish gastrula
Our use of splice site-directed morpholinos created
various aberrant zFmi1 proteins (Fig. 2). One of these,
designed against zFmi1a, was able to impair gastrulation
when injected by itself. However, a morpholino directed
against a second splice site in zFmi1a was not effective unless
either zFmi1b or other PCP components were also inhibited.
These results raised the issue of why, when injected alone,
one aberrant Fmi1a protein (F1a-GPS morpholino product)
generated a gastrulation defect and not the other (F1a-
LAMG2 product). Our ability to assess the levels of each
mis-spliced product versus wild-type mRNA by RT-PCR in
injected embryos provides the likely explanation.
Increased levels of wild-type zfmi1a transcripts in
embryos injected with F1a-GPS1 (achieved by injectingA–D) pax2.1 (px) and papc expression at the 3-somite stage. Dorsal views,
and 3 Ag/ml F1a-GPS1, (C) 2 Ag/ml stbm morpholino and 4.5 Ag/ml F1a-
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mis-splicing) resulted in fewer or no abnormal embryos.
Since F1a-LamG2 induces low efficiency mis-splicing, the
resulting proportions of normal zFmi1a protein was likely to
be sufficient, together with zFmi1b activity, to overcome
affects of the abnormal zFmi1a protein.
In order to generate a phenotype using the weaker
morpholino, F1a-LamG2, even at highest concentrations,
either zFmi1b or Stbm activity had to be simultaneously
abrogated. In this context, it is noteworthy that when
zFmi1a was inhibited in combination with either zFmi1b or
Stbm using morpholino concentrations to produce approx-
imately 50% mis-splicing of zFmi1a, identical effects on
convergence and extension were observed with both F1a-
GPS1 and F1a-LamG2 morpholinos. This interpretation is
further supported by the reduced efficacy of the F1a-GPS2
morpholino, which correlated with a reduction in abnormal
embryos.
Similarly, in the case of zFmi1b, the severity of
morphological defects observed at somite stages resulting
from injection of F1b-GPS1 and -GPS2 morpholinos
correlated with the proportion of incorrectly spliced
message. It is also noteworthy in this regard that in both
invertebrates and vertebrates, both gain and loss of function
of PCP genes generate similar phenotypes suggesting that
the relative levels of the different proteins are important.
An alternative explanation for the differential efficacy of
targeting the two different zFmi1a splice sites is that the
partial GPS domain deletion induced by F1a-GPS endows
the resultant zFmi1a protein with a dominant action. The
degree of dominance would probably be partial (semi-
dominant), since convergence and extension is not com-
pletely blocked in embryos injected with F1a-GPS. We
have, however, no evidence at present to support this
argument. Assuming that the differential effects of the two
zFmi1a-directed morpholinos simply reflects their dif-
ferential efficacy in blocking normal splicing of the zfmi1a
transcript, our data suggest that zFmi1a plays the major role
in convergence and extension movements. Injection of
levels of zFmi1a GPS-directed morpholino causing com-
plete or near-complete abnormal splicing generates gastru-
lation defects. This is not the case for zFmi1b GPS-directed
morpholinos. It will be of interest to determine whether or
not this simply reflects different levels of zFmi1a and
zFmi1b protein. It is tempting to speculate, however, that
restriction of expression of zfmi1a to axial tissue function-
ally distinguishes zFmi1a from zFmi1b.
Abrogation of zFlamingo1 function alters the fate/allocation
of particular cell populations
Our studies suggest that Flamingo proteins influence
gastrulation movements without altering early D-V pattern-
ing. During the course of our investigations, however, we
discovered that Flamingo proteins influence cell fate/
allocation within particular mesodermal tissues. We arenot aware of any other vertebrate PCP protein exerting this
type of effect. Our studies implicate both zFmi1a and
zFmi1b in the control of myoD expression within the
developing somites. However, their lack of co-operativity
indicates that they regulate myoD via independent path-
ways. We performed a Z-stack optical analysis of actin
filaments to define the affected somitic domain within both
groups of injected embryos (unpublished data) and deter-
mined that we could not, for example, rule out indirect
effects resulting either from disorganization of somites in
F1b-GPS morphants or from delayed convergence in F1a-
GPS morphants. However, in the case of zfmi1a, it is
intriguing that gene transcripts can be found within the
medial aspect of each somite from 6 somites onwards (Fig.
1N and unpublished data), particularly since this pattern of
expression is spatially and temporally similar to somitic
expression of chick flamingo1 (c-fmi1; Formstone and
Mason, 2005).
zFlamingo1 proteins direct convergence and extension
within the PCP pathway
What is the mechanism by which zFmi1 proteins
influence convergence and extension? Data from this study
strongly suggest that this involves the vertebrate PCP
pathway. While many players within this pathway have
been shown to promote active cell movement during
convergence and extension (Jessen et al., 2002, Marlow et
al., 2002, Ulrich et al., 2003) recent data suggest that
vertebrate PCP also regulates gastrulation movements via
oriented cell division (Gong et al., 2004). The mechanism(s)
by which zFmi1 proteins direct vertebrate gastrulation is
now the subject of our further studies.
With respect to PCP, it is noteworthy that in zebrafish
with mutations of other PCP genes only particular cell
populations show defects in convergence and extension; in
slb anterior movement is most severely affected whereas
knypek (kny, glypican4/6; Topczewski et al., 2001), trilobite
(tri; Sepich et al., 2000), and pipetail (ppt, wnt5; Rauch et
al., 1997) embryos display prominent defects in posterior
movement. By contrast, disruption of zFmi1 activity
disrupts convergence and extension along the entire A-P
axis of the gastrula thus revealing its important role in the
morphogenetic processes that shape the global vertebrate
body plan.
It is already known that the mammalian orthologue of
zfmi1, flamingo1/Celsr1, regulates the orientation of the hair
cells of the inner ear, a striking example of vertebrate PCP
(Crash/Spin cycle mice; Curtin et al., 2003) and data from
the chick embryo suggest that the same will be true in avians
(Davies et al., in press). The vertebrate PCP pathway is
additionally implicated in neural tube closure in both frog
and mouse due to the involvement of Disheveled (Hamblet
et al., 2002; Park and Moon, 2002; Wallingford and
Harland, 2002), Strabismus (Loop tail mouse; Kibar et al.,
2001; Murdoch et al., 2001), and flamingo1/Celsr1. In this
C.J. Formstone, I. Mason / Developmental Biology 282 (2005) 320–335 333regard, it is noteworthy that neural keel formation failed in
F1a-GPS morphants, particularly in the light of recent
arguments promoting zebrafish as a viable model for
understanding human neural tube development (Lowery
and Sive, 2004).
zFmi1a controls dorsal extension cell autonomously but is
not required within cells undergoing dorsal convergence
Mosaic analyses of F1a-GPS morphant cells within a
wild-type environment revealed that zFmi1a regulates
extension of cells along the A-P axis in a cell-autonomous
manner. However, we found that they converged towards
the midline at the same rate as control cells. The latter
observation would appear inconsistent with the impair-
ment of dorsal convergence exhibited by embryos injected
with F1a-GPS such that zFmi1a was abnormal in all cells;
data which suggest that zFmi1a activity is not required
within lateral cells as they converge towards the dorsal
midline.
How then does zFmi1a control dorsal convergence? One
possibility is that anterior migration of axial hypoblast cells
might indirectly influence the efficiency with which dorsal
convergence occurs. A further intriguing possibility is that
zFmi1a within the dorsal midline (Figs. 1E–N) directly
instructs dorsal convergence via interactions with zFmi1b,
Wnt11, and/or Strabismus. We found that dorsal conver-
gence was significantly impaired if the activity of any of
these PCP components is disrupted in combination with
aberrant zFmi1a activity. Indeed, increasing the proportion
of aberrantly spliced zfmi1a and zfmi1b mRNAs appears to
shift the phenotype of defective convergence and extension
exhibited by embryos injected with both GPS morpholinos
together towards one in which defective dorsal convergence
predominates over defective extension. Intriguingly, a
similar phenotype is generated by morpholino Fknock-
down_ of has2, encoding a synthesizing enzyme for the
extracellular polysaccharide Hyaluronan, which regulates
dorsal convergence during zebrafish gastrulation (Bakkers
et al., 2003).
Currently, it is understood that the principal gastrulation
movements in zebrafish occur independently of one another,
implying that a distinct repertoire of cellular events might
distinguish convergence from extension. Recent studies on
the cellular basis of the specific gastrulation defects found in
has2 morphants and in the no-tail mutant (Glickman et al.,
2003) have enabled the cellular processes driving either
convergence (has2) or extension (no-tail) independently of
cell fate specification to be dissected. Our particular study
has explored the role of two Flamingo proteins in
convergence and extension. One of these, zFmi1a, shapes
the global body plan by influencing convergence and
extension both alone and in concert with zFmi1b. Where
both proteins function together, they are present below a
threshold level that would allow them to function redun-
dantly. When both are inhibited simultaneously, dorsalconvergence defects become the predominant phenotype,
by contrast to the defects observed when Fmi1a is inhibited
by itself. If this observation is taken together with axial
restriction of zfmi1a transcripts and its non-autonomous
action in dorsal convergence, it is tempting to speculate that
heterophilic interactions between zFmi1a and zFmi1b via
their protocadherin domains might promote this combina-
torial activity. Thereby linking PCP processes within axial
tissue with PCP within more lateral cell communities.
Spatially and temporally regulating the relative activities of
zFmi1a and zFmi1b provide an attractive mechanism
through which to refine the gastrulation movements that
sculpt the embryo.Acknowledgments
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